The microwave spectrum of 1-butene oxide in the gas phase has been studied in the frequency region 18.0-39.0 GHz. The spectrum observed arose from a rotamer with a dihedral H-C2-C3-C4 angle of 59° ± 1°. In addition to several ^-branch progressions the spectrum contained several long perpendicular RP and PR progressions. However, of the ground state lines, only the inter mediate PR transitions showed internal rotation splittings that could be resolved to yield a barrier height of 3.02 kcal mol-1. The value derived from the line splittings of the first excited methyl torsional state was slightly higher (3.17 kcal mol-1) but must be regarded as being less reliable. The components of the dipole moment, the rotational constants, and the quartic and sextic centrifugal distortion coefficients for the ground state and three vibrationally excited states were determined.
Introduction
The preferred conformation of 1,2-disubstituted ethanes and analogous ethane fragments often differ from what would be predicted on steric grounds [1] . On the basis of steric bulk and size these molecules would be expected to be more stable in an anti rather than in a gauche conforma tion, which is true for a large number of molecules. However, when electron pairs or polar bonds are present there is usually a strong preference for the gauche conformation. Examples of this include 2-haloethanols [2] , propyl halides [3] , 1,2-dimethoxyethane [4] , and many other compounds.
Microwave studies have been performed on cyclopropyl methyl ether [5] and on epifluorohydrin [6 ] , molecules with a structure similar to that of 1-butene oxide. As expected, epifluorohydrin prefers a conformation that is gauche with respect to the oxygen atom, while the cyclopropyl methyl ether molecule may assume two equivalent con formations.
The purpose of the present study was to determine the preferred conformation of 1-butene oxide and to study the barrier to internal rotation of the methyl group in this molecule.
Experimental
The sample of 1-butene oxide was obtained from Fluka AG and was further purified by distillation.
Microwave spectra were recorded using a HewlettPackard Model 8460 A spectrometer equipped with a phase-stabilised source oscillator and with a Stark cell modulation frequency of 33.33 kHz. The measurements were carried out at -20 °C (253 K) in the frequency region 18.0-39.0 GHz with sample pressures of 9 to 55 mTorr (1.2 to 7.3 Pa).
Microwave Spectrum
The 1-butene oxide molecule is a prolate asym metric rotor with x --0.936 and with the main component of the dipole moment along the b axis.
The strongest lines in the spectrum are 6-type Q-branch progressions of the type J k ,j -k <-J k -i ,j -k +i with K = 1 , 2 or 3 ( Figure 1 ). These lines were easily assigned using current methods. In addition to the ground state transitions, two other complete sets of Q-branch transitions with the approximate relative intensities 0.56 and 0.31 (in relation to the ground state) at -20 °C could be assigned to the first and second excited states of the heavy atom torsion, respectively. Another set of Q-branch transitions with a relative intensity of 0.28 was observed rather close to the ground state lines. These lines appeared to be single during a rapid scan (1 MHz s-1) at 55 mTorr (7.3 Pa) but were found to be split upon slow scanning at 9 mTorr (1.2 Pa). The splittings ranged from 0.5 to 1.1 MHz and the lines were therefore assigned to the first excited state of the methyl torsion. It should be pointed out that no rotational splitting was observed in the ground state Q-lines.
In addition to the Q-branch progressions the spectrum contains several progressions of strong perpendicular PR ( Z l J = l , A K -i = - 1) and RP {A J = -1, AK-\ = 1) transitions. The RP transi tions occur in nearly degenerate pairs of
for K values between 6 and 19. For convenience, these degenerate pairs will be denoted (J -1)ä+i *-Jk • As shown in Fig. 2 , the transition frequencies for each of these families is an almost linear function of K. This is also true, with no noticeable deviation from linearity at all, for the so-called r families, where r is the mean value of r ( = K~i -K\) for the initial and final states of a transition. This type of relationship is typical of high-if perpendicular transitions of a near-prolate or near-oblate rotor, as was shown by Herschbach and Swalen [7] in connection with the microwave spectrum of pro pylene oxide. Starting from the perturbational expression for the energy levels of an almost symmetric rotor 
is the Wang asymmetry parameter, these investigators showed that the frequency difference between successive members of a r family is nearly constant at high K values.
A similar derivation for a "family" with J = 3 K + n yields the following expression for the frequency of a (J -1)^+1 <-Jk , r P transition
where we have omitted Ac\, which is zero for K values larger than 1. It can be seen that if A -2{B-\-C) is small (580.23 MHz for 1-butene oxide), numerous perpendicular transitions with different K values will appear in the spectrum.
Most of the R-lines are PR transitions which appear in pairs of the sort
These pairs also become nearly degenerate for K values equal to or greater than 10 and exhibit a pattern similar to that of the RP transitions but with an opposite dependence on K (Figure 3 ).
In this type of spectrum the assignment of Rand P-branch transitions is sometimes difficult because of the low intensity of the low J transitions and the considerable displacement of the high J transitions by centrifugal distortion. The follow ing method facilitated the assignment.
The frequency of an R-branch transition can be written as follows:
where E (x) is the reduced energy. If the Q-lines have already been assigned, then A -C and v, are known. Thus, the last term in the expression for v can be regarded as a constant. From the assumed structure or by other means the value of A 4-C is then estimated ((^4-j-C)est)-The estimated fre quency thus becomes
However, the true frequency iŝ true -{A 4" C)true {J 4* 1) 4" Const.
Thus,^t rue ^est
By calculating <3r/(J+ 1) for several different lines in the neighbourhood of vest for two or more R transitions the assignment is easily completed, since dvj{J +1) should be independent of J for the true lines. The high-/, R-or P-branch transitions can then be determined by successively adjusting the centrifugal distortion coefficients. The P-, Q-and R-lines of the ground state and the first excited heavy atom torsional state could easily be fitted to a rigid rotor spectrum using the Watson quartic and sextic centrifugal distortion correction terms [8] . In addition, the centrifugal distortion coefficients were found to be very nearly equal for the two states.
In contrast, the R-and P-lines of the second excited heavy atom torsional state could not be fitted to a rigid rotor spectrum, which indicates that this vibrational state must be perturbed by some other vibrational mode.
No attempt was made to assign the R-and P-lines of the first excited methyl torsional mode since these lines are expected to be strongly split and of low intensity and thus difficult to distinguish from other vibrational satellites. 
0.063 ± 0.021 0.056 ± 0.032
-0.29 ± 0.13 -0.16 ± 0.14 a a is the standard deviation of the fit.
b The uncertainty indicated is one standard deviation. centrifugal distortion was not large enough to allow the non-diagonal sextic terms (hj, hjx, and Jik) to be determined. However, as has been discussed by Steenbeckeliers and Bellet [9] , for large K values the non-diagonal terms are negligible compared to the diagonal ones. The spectroscopic constants calculated in this way for the ground state and the first excited heavy atom torsional state are listed in Table 2 and those for the second excited heavy atom torsional state and for the first excited methyl torsional state are shown in Table 3 . In the last two cases only Q-lines have been measured. For this reason and because of the rather small number of observed transitions the A j quartic coefficient and the sextic coefficients were held fixed at their ground state values during the least squares fit.
Finally, it should be pointed out that when using a direct diagonalization procedure with the centri fugal distortion terms included in the Hamiltonian the near degeneracy of the high-if levels is of no concern and will not require use of the symmetricrotor centrifugal-distortion theory.
Internal Rotation
Using the principal axis method (PAM) of Herschbach [10] with four terms in the perturbation series expansion, the splittings of the lines belong ing to the first excited state of the methyl torsion were found to correspond to a barrier height of 3.166 kcal mol-1 or s = 88.15. From the intensities of these lines relative to those of the ground state lines the approximate value s = 89.9 was calculated using the formula
where F is the reciprocal of the reduced moment of inertia for the internal motion, bva are the eigen values of Mathieu's equation, and c is the velocity of light. The general agreement is obvious in spite of the error involved in the measurement of relative intensities. Table 4 shows the splittings of the Q-lines of the first excited methyl torsional state. Table 5 shows the internal rotation parameters used. The molecular constants used were the same as for the ground state and the accuracy of measure ment did not warrant any attempt to adjust these parameters to obtain a better fit.
Calculations with the PAM revealed further that the expected splittings of the ground state Q-lines with 5^8 0 (all with 3) and those of ground state PR transitions for which K fSj 5 are too small to be detectable with the resolution obtained (i.e., these splittings are less than 0.1 MHz).
For the RP transitions with K^.1 the asymmetry splitting is almost negligible. As shown by Hersch bach and Swalen [7] , the line structure in this case consists of two E lines and a single A line of twice the intensity. This E-level splitting is due to the Assumed. Calculated from molecular model. Calculated from the rotational constants for the ground state using the conversion factor 505379.1 a.m.u. Ä2 according to Cohen and Taylor [13] . Overlooking systematic errors of the theoretical method.
removal of the K degeneracy by odd order terms in the Hamiltonian which arise from coupling between over-all and internal rotation. For these transitions the principal axis method breaks dow n and has to be replaced by a treatment based on the internal axis method (IAM). To a first approxima tion the splittings can be calculated from the IAM applied to a molecule consisting of two coaxial symmetric tops. According to this theory the contributions of internal rotation to the A and E levels are given by [7] WvA = -(2/3) Ak , In addition to this, the asymmetry has a damping effect on the splittings which can be expanded as a power series in the angle between the vector p and the a principal axis + (2KU -ÜT) sin(4;r p/3)
Calculation of the high K, RP and transitions using these formulae revealed that for 5 = 80 the splittings w ould not exceed 0.15 MHz, which means that they are not detectable at the resolution achieved. This is a result of the fact that the internal rotation splittings of twro individual levels taking part in a transition will largely cancel each other out.
For the FR transitions with K values between 6 and 9 the asymmetry splittings and 6j k are of comparable magnitude. I f the energies of the rigid rotor levels J k ,j-k and Jk ,j-k + i are denoted by W+ and W-respectively, the energies of the E levels will be given by
and those of the A levels by
The mixing angle co of the E levels is given by tan(2co) = 2 <W/( JF+ -W~).
If the initial and final states of a transition are denoted by the indices i and f, respectively, we obtain the following transition probabilities
where I (b) and I (c) are the fib and fic rigid rotor transition intensities. Several of these intermediate PR transitions showT ed detectable splittings w^hen measured at 9 mTorr (1.2 Pa). Table 6 shows the observed and calculated splittings for the transitions 24<5 <-237 and 277 <-26s. a Calculated by the method described in the text. b Calculated using the general IAM program of R . C. Woods, I I I , in its original form [11] . c Calculated using the Woods program with correction for centrifugal distortion included. d The intensities are given in arbitrary units, normalized to to 100.
e The center frequencies, vo, are 21792.59 and 20643.14 MHz for the 24$ <-237 and 27-<-26s transitions respectively. The calculated splittings correspond to s = 84.0. The remaining parameters are shown in Table 5 .
The reason these transitions show detectable splittings is that the mixing of the internal rotation splittings with the asymmetry splitting gives rise to different sublevel patterns for the different levels. The splittings between the levels taking part in a transition will therefore no longer cancel.
The s value calculated from the splittings in the ground state is 84.0, which corresponds to a barrier height for the methyl torsion of 3.02 kcal mol-1. This value should be regarded as more reliable than that obtained from the first excited state of the methyl torsion because the influence of couplings with other vibrational modes is negligible in the ground state. The high value found for s in the first excited state of the methyl torsion may be attribut able to such couplings. However, there is no direct indication for a coupling between this state and the first excited heavy atom torsional state, the lines of which show no sign of splitting or even detectable increased broadening when compared with the ground state transitions. Finally, the excitation energies of the first and second excited heavy atom torsional states were calculated to be 102 cm-1 and 206 cm-1, respectively, based on their relative intensities.
The Hamiltonian of a molecule with a symmetric internal rotor can be written in the following form
where H T T represents the usual rotational energy of a rigid rotor and H ir , the internal rotation con tribution, has the form
with Pe = p • P. H ti is most easily evaluated in the principal axis system in the symmetric rotor basis | JK M y , while HiT is most easily evaluated in a coordinate system where the z axis coincides with the vector p. Pe will then be diagonal in the corre sponding symmetric rotor basis | J K eMy. The transition between the two bases is, of course, effected by the irreducible representation matrices of the rotation group in the following manner (cf.
[11]):
where a, ß, and y are the Euler angles describing the orientation of the principal axis system in the p coordinate system. In the approximate treatment only the diagonal elements of H\ T in the principal axis system are retained. They have the following form
where ß is the angle between p and the a principal axis. As is well known,
For small values of ß this function may be approxi mated by a power series in ß, as was done above. Another approximation is inherent in the assump tion that the internal rotation perturbations to the levels of a slightly asymmetric rotor will be the same as the corresponding diagonal elements of H ir in the symmetric rotor basis. As pointed out above, this approximation breaks down in the case where the asymmetry splitting is of the same order of magnitude as 6jk ■ In this case a Wang transforma tion of the symmetric rotor basis will cause the part of (H\t)kk which is of odd order in K to appear offdiagonal, which will necessitate the diagonalization of a 2 x 2 matrix as was described above. This is, of course, still an approximation since the true asymmetric rotor functions cannot be expressed as simple Wang functions. In spite of these short comings the described procedure is expected to yield approximately correct values for the internal rotation splittings for a near symmetric rotor at high K values. Nevertheless, in the case of cyclopropyl methyl ether Penn and Boggs [5] found a less than satisfactory agreement between theory and experimental values for K values higher than 16.
In the general I AM program of Woods [11] the full representation matrices D^K(cnßy) are used for the basis change and the internal rotation perturbation terms are evaluated in the true asymmetric rotor basis. The only remaining approximations are thus the assumption of a high barrier and the use of perturbation theory (degener ate perturbation theory where necessary) rather than diagonalizing the complete Hamiltonian to calculate the internal rotation contributions. Although the Woods method represents a greater computational effort than the simple method described above, the requirement for manual labour is negligible. In addition, the Woods method offers the convenience of being able to calculate the internal rotation splittings of all kinds of transitions in a single program, in contrast to the methods used above. Table 4 lists the internal rotation splittings of the first excited state of 1-butene oxide as calculated both by the PAM [10] and by the Woods program [11] .
In Table 6 the internal rotation splittings of two intermediate-^", pR transitions with asymmetry splittings of magnitude comparable to the 6jk are listed. An attempt to calculate these splittings using the original Woods program gave the correct order of magnitude but not complete agreement (Column b). Since it was inferred that this discrep ancy was due to the fact that the original Woods program does not take the centrifugal distortion into consideration, which results in false values for the asymmetry splittings, the program was augmented by adding the Watson reduced Hamil tonian [10] to H t t in the principal axis system to include the centrifugal distortion corrections to the same order of magnitude, as has already been described in connection with the treatment of the unsplit lines. (A similar augmentation of the Woods program has been described by Bauder and Günthard [12] .) The results of the calculations with the augmented program show almost complete agreement with the experimental results ( Table 6 , Column c). However, the splittings observed in 1-butene oxide are too small to permit a critical comparison of the different computational methods. Also, admittedly, in its present form the Woods program does not calculate P-branch transitions, but this could be easily remedied.
Dipole Moment
The richness of the spectrum made it difficult to find suitable lines for Stark effect determinations. The best lines were the 5 i4 ■ < -5os transition at 12586.35 MHz and 615 ^ 6 06 at 13761.22 MHz. both of which exhibited pure second-order Stark shifts for fields up to 1000 V cm-1. Unfortunately, these lines were found to be insensitive to the a com ponent of the dipole moment . In order to determine this component the Stark shifts of the 625 616 line at 33278.93 MHz and 524 ■ < -5 i 5 at 32283.98 MHz were measured. For these transitions deviations from second-order theory arise from coupling between the nearby levels 524 and 523 and between 625 and 624, respectively. In both cases the coupling is achieved by the a component of the dipole moment operator, which makes the Stark shifts of these lines highly sensitive to /uaCalculation of both the second and the mixed order Stark shifts was performed by the method described by Golden and Wilson [17] and the matrix elements of E • (x were calculated according to the method described by Schwendeman [18] using a computer program written by M. Ribeaud of the Swiss Federal Institut of Technology for calculating the necessary coefficients for the degenerate Stark effect. In this case Avm/E2 is no longer independent of E (for fixed M) but depends slightly on E, as seen in Table 7 .
The dipole moment components were determined by a least squares fit to the measured lobes. The results of the determinations are listed in Table 7 . The guide spacing of the Stark cell was calibrated using the J = 2 ^ 1, A M = 0 transition at 24325.92 MHz in the vibrational ground state of the normal species of OCS with ^ = 0.71521 Debye units [19] . Molecular Structure Figure 5 shows the rotational constants calculated for 1-butene oxide as a function of the dihedral angle, 6, defined in Figure 4 . These calculations were based on the assumed structural parameters of Table 8 obtained from structurally similar molecules, e.g. ethylene oxide and propylene oxide.
Of the three possible rotamers, the one corre sponding to 6 = 180° is unlikely to exist simply for steric reasons and calculated values for the rota tional constants of this rotamer are completely different from the observed ones. Of the two remaining conformations with 0 = 60° and -60°, calculations for the one with the methyl group Ao, Bo, and Co denote the observed spectroscopic rota tional constants. itted structural parameter Z (HC2) -(C3C4) (dihedral) = 59° ± 1° (0 in Figure 4 closest to the oxygen atom give very good agree ment (to within 0.3%) with the observed constants at 6 = 59° i 1 °, while calculations for the rotamer with 0 = -600 give widely different values of 6 when fitting to the different rotational constants and a best root mean square deviation from the observed rotational constants of approximately 2 %. The strongest evidence that the observed spectrum derives from the rotamer with 6 = 59° is, however, furnished by the dipole moment. A rather rough calculation for 6 = 590 based on the assumption that the whole dipole moment of the molecule is due to the ethylene oxide fragment and neglecting other contributions yields No evidence for the simultaneous existence of another rotamer was found. However, in view of
